We report temperature dependent photoluminescence, contactless electroreflectance and photoluminescence excitation study of ͑GaP͒ 2 ͑InP͒ 2.5 strained short period superlattices sandwiched between Ga x In 1Ϫx P alloy layers grown on GaAs ͑311͒A substrates. Transmission electron microscope pictures of these samples reveal the presence of self-organized In rich globular structures with Ga rich surroundings in the superlattice planes. The variation of the peak position of the photoluminescence band with decreasing temperature has an anomalous dip. We show that this is not due to an anomalous change in the band gap with temperature but is due to the interplay between two luminescence pathways associated with two phases, one which has the original ͑GaP͒ 2 ͑InP͒ 2.5 superlattice and the other being the self-organized composition modulated In rich regions within the superlattice layers. We also present spectroscopic results which indicate quantum dot like nature of the self-organized In rich structures in these samples.
I. INTRODUCTION
In recent years it has been a challenge to grow high quality and high density of semiconductor quantum dots ͑QDs͒ for making semiconductor lasers as they are expected to have significantly improved characteristics such as higher optical gain, lower threshold current density, greater thermal stability, etc. One route being explored for fabricating such structures is that of self-organized growth. 1 Improved performance of lasers based on InAs QDs, formed via strain induced Stranski-Krastanow growth mode, has already been demonstrated. 2 However InAs QD lasers emit only in the infrared while it is desirable to have QD based lasers over wider spectral range. Fafard et al. 3 using InAlAs alloy ͑larger band gap than InAs͒ based QDs have demonstrated lasers which emit red light ͑707 nm͒. Another self-organized growth mechanism namely strain induced lateral composition modulation ͑SILCM͒ has been shown to give rise to alternate regions of Ga rich and In rich lamellae in the ͑001͒ plane oriented along ͓110͔ direction during the growth of ͑GaP͒ m ͑InP͒ n short period superlattice ͑SPS͒ on GaAs ͑001͒ substrates. 4 Evidence for this composition modulation was obtained from transmission electron microscope ͑TEM͒ pictures, energy dispersive x-ray analysis ͑EDX͒ and polarization dependent spectroscopic measurements. 5, 6 It has been proposed that the process leading to this composition modulation is initiated by strongly anisotropic diffusion of the group III atoms on the GaAs surface and thereafter is sustained by strain induced nucleation of excess adatoms. 7 Use of these self-organized structures as building blocks to fabricate semiconductor quantum wire lasers has been demonstrated. 8 Thereafter Kim et al. 9 showed that the SILCM process can give rise to QD-like structures when the ͑GaP͒ m ͑InP͒ n SPS are grown on GaAs ͑N11͒ substrates as evidenced from TEM pictures and scanning tunneling microscopy ͑STM͒ studies. 10 It was also reported that some of these samples did not show the expected regular increase in the photoluminescence ͑PL͒ peak energy position with decreasing temperature. 9 There have been several other reports of anomalous temperature dependence of PL peak positions in Ga-In-P based systems some of which have been attributed to ordered alloy formation. 11, 12 Wohlert et al. 13 have reported anomalously weak temperature dependence of the PL peak positions in samples where SILCM modified layers form the building blocks, to explain which they proposed a hypothesis involving multiaxial strains which counterbalance the normal temperature dependence of the band gap. However in the case of broad PL features, interplay between different luminescence mechanisms with different temperature dependence can give rise to misleading results. Since PL is often dominated by transitions involving defects/impurities, the information obtained from it about the band structure is less satisfactory. A modulation spectroscopy experiment such as contactless electroreflectance ͑CER͒ does not suffer from these drawbacks and can also identify higher lying critical points in the band structure 14 and therefore is better suited to examine this issue.
In this paper we present the results of PL ͑including its dependence on the excitation intensity͒, CER and photoluminescence excitation ͑PLE͒ measurements on samples which have SILCM induced QD-like structures and whose PL peak position shows an anomalous dip. Comparing the results of temperature dependent CER and PL spectroscopy, we identify the origins of the features in the PL spectrum, determine the PL quenching pathway and provide an explanation for the anomalous temperature dependence of the PL peak positions. A simple preliminary calculation has also been made to determine the optical transition energies in these Ga-In-P alloy based QDs whose results are compared with experimental observations.
II. EXPERIMENT
The samples used in this study were grown by gas source molecular beam epitaxy. Several samples were grown with different GaP/InP layer thickness on differently oriented GaAs substrates. 9, 10 From among them, the present study concentrates on the sample which shows maximum anomaly in the temperature dependence of its PL peak position. The sample structure is shown schematically in Fig. 1͑a͒ . It consists of five layers of 18 period ͑GaP͒ 2 ͑InP͒ 2.5 SPS sandwiched between 200 Å layers of Ga x In 1Ϫx P alloy. This was grown on a Si doped GaAs ͑311͒A substrate with an undoped GaAs buffer layer, followed by another 3000 Å Ga x In 1Ϫx P alloy buffer layer and was finally capped by a 3000 Å Ga x In 1Ϫx P alloy layer at the top. The intended nominal value of x in the alloy layers was 0.51, however spectroscopic and high resolution x-ray diffraction measurements suggest that the value of x Ӎ 0.57 both in the cap alloy layer as well as the alloy layers in between the SPS layers. Figures 1͑b͒ and  1͑c͒ show the TEM pictures of the sample ͑side view͒ which reveal alternate bright and dark patches within the SPS layers. EDX studies on samples grown on ͑001͒ substrates 8 showed that the bright regions in the SPS layers are In rich while the darker regions are Ga rich. The Ga/In composition contrast is typically found to be Ӎ 40%/60% in this system. STM studies on the SPS planes of the sample in Fig.1 show that the Ga/In rich regions form globular structures with a distribution in diameters. 10 The distribution ͑average for ͓011͔ and ͓233͔ directions͒ can be approximated by a Gaussian with a mean diameter of Ӎ 210 Å and a full width at half maximum of Ӎ 50 Å. Since InP has a smaller band gap than GaP, from the point of view of electronic band structure, the In rich globules within the SPS layers represent potential troughs for electrons and holes surrounded on four sides by the Ga rich regions which act as barriers. The Ga 0.57 In 0.43 P alloy layers in between the SPS layers act as barriers in the vertical direction so as to confine the carriers in the In rich regions of the SL from all directions making them into QDs. The details of the growth and structural characterization have been reported earlier. 9, 10 In the PL experiments, the excitation source was an Ar ϩ ion laser ͑488 nm͒. The luminescence was detected using a photomultiplier tube ͑S20 type response͒ after it was dispersed by a 1/8 m monochromator with 1 nm band pass. The sample was cooled using a closed cycle helium refrigerator. In the PLE experiments, light from a 150 W quartztungsten-halogen ͑QTH͒ lamp, dispersed using a 1/8 m monochromator with Ӎ3.5 nm bandpass was used as the excitation source. In the CER 15, 16 measurements, the sample was placed between two electrodes in a capacitor like arrangement with the top electrode kept Ӎ 0.3 mm from the sample surface. A 1 kV ͑rms͒ sinusoidal voltage was applied on the top transparent electrode to modulate the sample's surface electric field. The probe beam was obtained by dispersing light from a 150 W QTH lamp using a 1/8 m monochromator with Ӎ4 nm bandpass and detected using a silicon photodetector. In all cases phase sensitive detection of the signal was made using a lock-in amplifier.
III. RESULTS AND DISCUSSION

A. Temperature dependence
Figures 2͑a͒ and 2͑b͒ show the PL spectra at two different spots A and B on the sample at various temperatures. Apart from the large widths of the PL spectra, it is quite clear from the large shifts of the main 8 K PL feature's peak position between spots A and B that the sample is inhomogeneous. The magnified high energy end of the 8 K PL spectra show two more features which have been labeled P1 and P2. The peak positions of these features show relatively much smaller shifts between spot A and B. The spectra at A and B represent the two extreme PL peak positions in this sample. We observed that the PL peak position tends to vary monotonically along ͓011͔ while remaining practically unchanged along the ͓233͔ direction. The insets in Figs. 2͑a͒ and 2͑b͒ show the variation of the dominant PL feature's peak position at spots A and B, respectively, as a function of temperature. It is evident that while the temperature dependence of the peak position of the dominant PL feature at B shows a large anomalous dip, that for A is closer to normal. Significantly, the 200 K PL spectrum at spot B gives clear indication that there are two features which have been labeled as B1 and B2. The single main feature at A has been labeled A1.
Fitting a single Gaussian to feature A1 and a sum of two Gaussians to the feature at B we estimated the integrated intensity of the main PL features at the two spots as a function of temperature. The symbols in Fig. 3 represent a logarithmic plot of the integrated PL intensity as a function of inverse temperature for the PL features A1 ͑circles͒, B1 ͑tri-angles͒ and B2 ͑squares͒. The lines represent a fit to the data using the following equation:
where I(T) PL is the integrated PL intensity at a given temperature T, Q is the activation energy for PL quenching, I 0 is the intensity at the lowest temperature and ␥ has been interpreted as the ratio of the radiative lifetime to the minimum nonradiative lifetime for carrier decay. The value of Q is found to be 243Ϯ10 meV for A1; while it is 244Ϯ10 meV and 150Ϯ10 meV for B1 and B2, respectively. From Figs. 2͑b͒ and 3 it is clear that the anomaly in the temperature dependence of the PL peak position arises because the feature B1, which has a different energy position as compared to B2, dominates the spectrum in the temperature range 200-125 K while B2 dominates in the rest of the temperature range.
To further confirm that the PL peak position anomaly is not due to an anomalous temperature dependence of the band gaps we performed CER measurements on this sample. Figure 4 shows typical CER spectra of the sample at spots A and B at 8 K. In both these spectra we can identify three major transitions shown as C1, C2 and C3. A feature due to the GaAs substrate also arises at lower energies but because it is unimportant in the present context, it has not been shown here. The transition energies of these features were estimated by separately fitting to them the following line shape function: 
͑2͒
where E 0 j ,⌫ j , j and a j are the transition energy, broadening parameter, phase factor and amplitude, respectively, associated with the jth transition. In the above equation the value of m used was 3, which mimics the case of a first derivative Gaussian broadened line shape function 14 applicable in the case of inhomogeneous broadening of the critical point energies in quantum confined systems. The fitted curves are shown by the dotted lines in Fig. 4 . The inset in Fig.4 ͑circles͒ shows the temperature dependence of the transition energy of the lowest energy CER feature C1 which clearly shows no anomalous dip. It is also evident that the transition energy of lowest energy feature ͑C1͒ in the CER spectra at the two spots A and B does not have the large shift that is observed in the case of the dominant features in the 8 K PL spectra at these two spots.
Before discussing the origins of the PL features A1, B1 and B2 in detail, we shall briefly comment on the origins of the dominant CER features C1, C2, C3 and the PL features P1, P2. From the composition dependence of the band gap of Ga x In 1Ϫx P alloys, the feature C3 arround 2.06 eV is identified as the signature of the transition at the band gap of the Ga 0.57 In 0.43 P random alloy which forms the cap layer and the layers in between the SPS layers. Based on the peak energy position, the PL feature P2 can also be identified as being associated with this alloy. The feature C2 and the associated PL feature P1 arise from the buffer Ga 0.51 In 0.49 P alloy layer at the bottom. Comparing the feature C1 with photoreflectance spectroscopy measurements and calculations of Armelles et al. 18 on ͑GaP͒ m ͑InP͒ n SPS grown on GaAs ͑001͒ substrates we identify it as being associated with the ͑GaP͒ 2 ͑InP͒ 2.5 SPS layers in our sample. The difference (Ӎ 50 meV͒ in the transition energy values for the SPS structure in our sample and those of Armelles et al. arises most likely due to the m/n ratio being different and also because of the different strains that the SPS layer is subjected to on a ͑311͒ substrate as compared to a ͑001͒ substrate.
The origins of the features A1, B1 and B2 can be understood as follows. Within the SPS layer there exist two phases, one which is the original SPS structure and the other the SILCM modified phase having In rich globular structures with Ga rich surroundings. The PL features A1 and B1 arise from the In rich regions of the latter phase and have QD-like characteristics to be discussed subsequently. The PL feature B2 whose peak position is coincident with the CER feature C1, arises from the unmodified SPS phase. The difference between the spots A and B is the extent of SILCM induced modification. Because the modification is more at A ͑high QD density͒, nearly all the photogenerated carriers are collected by the QDs while at B where the modification is less ͑low QD density͒, the unmodified SPS phase also contributes to the PL signal. The larger extent of the modification of the SPS layers at A as compared to B is also indicated by the broader CER feature C1 at A as compared to B. The relatively small difference in the PL peak positions of A1 and B1 ͑see the 150 K PL spectra at the two spots͒ is most likely due to the difference in the size and composition distribution ͑In content͒ of the QDs at A and B. However we do not see any signature of the QDs in the CER spectra. This is not surprising since their low density ͑as compared to bulk͒ and inhomogeneous broadening due to dot size and composition distribution make detection of the QDs in the CER spectra very difficult. In fact in the only definitive identification of selforganized QDs by CER reported so far ͑InAs QDs on GaAs͒, 19 the signal strength was ⌬R/RӍ2ϫ10 Ϫ6 , that too with narrower dot size distribution and uniform composition.
We see that the activation energy values for thermal quenching of PL (Q) for A1 and B1 are nearly identical and differ considerably from that for B2. This can be understood as follows. In the case of quantum confined systems such as quantum wells it is found that the activation energy for PL quenching is equal to the difference between the PL emission energy and the barrier band gap, 20 indicating that the PL quenching involves simultaneous thermal emission of the electron and the hole, constituting an exciton, into energy levels corresponding to the adjacent barriers from where they can recombine both radiatively as well as nonradiatively. At the barrier energy the latter process is normally dominant since carriers are no longer confined to a small region and therefore encounter more defects which increase the probability of nonradiative recombination considerably. In our case, for the carriers confined in the SPS phase, the effective barriers are expected to be the Ga 0.57 In 0.43 P alloy layers in between the SPS layers. This explains the 150Ϯ10 meV value of Q for B2, since as shown in the Fig. 4 plot ͑ii͒, at an energy 150Ϯ10 meV higher than the peak position of the PL feature B2 lies the CER feature C3 associated with the Ga 0.57 In 0.43 P alloy layers. The carriers in the QDs are expected to see two kinds of barriers: Ga 0.57 In 0.43 P alloy layers in the vertical direction ͑direction of growth͒ and SICLM modified Ga rich surroundings in the ͑311͒ plane. In Fig. 4 plots ͑i͒ and ͑ii͒, it is again seen that at an energy Ӎ243 Ϯ10 meV ͑equal to the activation energy for PL quenching for A1 and B1͒ higher than the peak positions of PL features A1 and B1 lies in the CER feature C3 indicating that the Ga 0.57 In 0.43 P alloy layers also act as effective barriers for the QDs. This is in accordance with the fact that the Ga 0.57 In 0.43 P alloy barrier layers have lower Ga content than the Ga rich parts of the SILCM modified phase (у 60%͒ and therefore the former represents a lower barrier height for the carriers in the QDs. We also see that the effective barrier height for the carriers in the QDs as compared to those in the SPS phase is larger, which explains why the quenching of the QD luminescence starts at higher temperature than the quenching of the SPS luminescence. This suggests the possibility of higher room temperature QD luminescence efficiency if the band gap of the barrier layers can be increased by incorporating a small amount of Al in them.
The above discussion also suggests that the estimation of temperature dependence of critical point energies from PL peak shifts can be misleading in the case of QD related emission with large widths arising from inhomogeneities in dot size and composition ͑another source of error will be dis-cussed in Sec. III B͒. The width implies different effective barrier heights and therefore different activation energies; those for the dots emitting at longer wavelengths is larger than those emitting at shorter wavelengths. As the temperature is raised the luminescence from the QDs emitting at longer wavelengths are therefore less likely to decay and cause a more rapid shift of the peak to longer wavelengths than expected from band gap narrowing alone. We note here that the above mentioned mechanism of quenching of QD related PL signals ͑which modifies the temperature dependence of the PL peak position for an ensemble of QDs with large size distribution͒ has previously been reported for self assembled InGaAs/GaAs and InAlAs/AlGaAs QDs. 21 In the present case, the presence of the CER features at similar energies above the PL peak position as the activation energies for PL quenching gives further proof of this mechanism of PL quenching.
The temperature dependence of the CER transition energies follows the temperature dependence of the critical point energies accurately and are not affected by the above mentioned source of error. Unfortunately the CER signature for the QDs could not be seen in our experiments most likely because the inhomogeneous broadening due to QD size and composition variation makes the CER signals of the QDs too weak to be detectable. The lowest energy CER feature C1 seen by us is associated with the SPS phase. Fitting the temperature dependence of transition energy of feature C1 ͑con-tinuous line in the inset of Fig. 4͒ to the empirical Varshini relation:
we get E g0 ϭ1.91 eV, ␣ϭ4.4ϫ10 Ϫ4 eV/K and ␤ϭ93 K. The value obtained for ␣, the temperature coefficient of the band gap, is low compared to that of Ga x In 1Ϫx P alloys (Ӎ8ϫ10 Ϫ4 eV/K͒. In general the value of ␣ depends on the average phonon energy and the carrier-phonon coupling strength both of which are modified in a superlattice in comparison to the bulk solid, 14 which may be the reason for its low value in our sample. However what is clear from the above study is that there is no apparent anomalous dip in the temperature dependence of the critical point energies in the sample.
B. Spectroscopic indications of QD formation
First of all we note that the broad 8 K PL feature A1 ͑at A͒ is typical of luminescence from QDs with finite size/ composition distribution. In the present case the full width at half maximum ͑FWHM͒ of the PL feature A1 is Ӎ100 meV. This is larger than those reported for other self-organized alloy based QDs such as InAlAs/GaAs QDs ͑PL linewidth Ӎ 60 meV at 77 K͒ which have been used to fabricate lasers. 3 This is consistent with the fact that our measured size distribution 10 (Ӎ 25%͒ is larger than those of the InAlAs/ GaAs QDs mentioned above (Ӎ 15%͒. Thus there is scope for improvement in optimizing the growth of our samples. A simple envelope function calculation with the above mentioned QD size distribution and Ga concentration distribution ⌬xӍϮ0.05 ͑assumed uncorrelated to size distribution as a first approximation͒ does result in a PL linewidth of Ӎ 100 meV. Figure 5 shows the dependence of the PL peak position on the pump laser power. These spectra are normalized to get the same peak height. We find that at 8 K, the spectrum at A shows a blueshift with an increase in the excitation power while the spectrum at B ͑with feature B2 being dominant at 8 K͒ shows no measurable shift. However, when the temperature is raised to 125 K so that the feature B1 becomes dominant at spot B, we begin to observe similar pump power dependent shifts in the PL spectra at both the spots. Note that in the 125 K spectrum at B there exists a high energy shoulder ͑shown by arrow͒ whose position does not shift with change in excitation power. This shoulder is essentially a remnant of the feature B2 which shows no excitation power dependent peak shift. In these measurements the laser spot diameter was Ӎ 300 m, therefore the maximum excitation power density was Ӎ 30 W/cm 2 . The blueshift of the PL spectrum even with such relatively low excitation power density is a characteristic property of luminescence from QDs. 23 The reason suggested for this is that in such samples the carriers generated in the regions surrounding the dots funnel into it. As a consequence, even for relatively small excitation power densities, phase space filling effects begin to show up prominently. 23 In fact, in cases where the QD size and composition has a narrow distribution it is possible to see new structures in the PL spectrum at higher energies, corresponding to carriers recombining from the higher lying states of the QDs as the excitation power is increased to Ӎ 250 W/cm 2 ͑Refs. 24 and 25͒. Such accumulation of carriers in a small region is not expected in bulk or in 2D systems ͑in plane͒. Accordingly the feature B2, which we have already identified as arising from recombinations in the unmodified SPS phase, shows no measurable excitation power dependent peak position shift. The observation of pump power dependent blueshift of the PL spectra for features A1 FIG. 5 . Laser excitation power dependence of the PL spectrum at the two spots A and B at two different temperatures. The dashed lines represent the spectrum recorded with the lower excitation power. These spectra are normalized to get the same peak height. The laser spot diameter was Ӎ 300 m.
and B1 is the first spectroscopic indication of QD formation in the SILCM modified layers of our sample. This results in the following additional source of error in estimating the temperature dependence of transition energies in QDs from PL measurements. For a given pump beam intensity, the excess carrier concentration in the QDs is temperature dependent. Therefore, phase space filling of the QDs is temperature dependent. Since the PL peak position in QDs depends strongly on the extent of phase space filling therefore the PL peak position does not provide an accurate measure of the variation of the critical point energies with temperature.
As a further investigation, we performed PLE experiments on this sample at different detection energies. The results are shown in Fig. 6͑a͒ . For the spectrum in plot ͑i͒ the detection energy E d ϭ1.81 eV corresponds to the peak position of the PL spectrum at spot A where we presume the luminescence arises predominantly from carrier recombinations in dots of size and composition ͑In concentration͒ that are most prevalent. In plot ͑ii͒ E d ϭ1.9 eV, which is close to the peak position of the PL spectrum at spot B where the luminescence arises from recombination in the SPS phase. In plot ͑iii͒ the spectrum was taken with E d ϭ2.04 eV at spot A ͑similar PLE spectrum is also obtained for this E d at spot B͒, where the luminescence arises from recombination in the top Ga 0.57 In 0.43 P layers. The two rising edges in plot ͑iii͒ represent the absorption at the E 0 and E 0 ϩ⌬ 0 gaps of Ga 0.57 In 0.43 P alloys which are Ӎ 98 meV apart. Plot ͑ii͒ has three rising features, the first one between 1.9 and 2.05 eV is due to absorption in the SPS layers. The other two are identical to those seen in plot ͑iii͒ indicating that the carriers generated in the Ga 0.57 In 0.43 P layers get transferred to the SPS layers which have lower band gap and finally recombine from there. However the spectrum in plot ͑i͒ is different. A closer inspection of this spectrum reveals four weak and broadened humps ͓indicated by the arrows in Fig. 6͑a͔͒ , riding on top of a smoothly varying background. Although it is tempting to associate these humps in plot ͑i͒ PLE with the features in the CER spectrum in Fig. 4 , however a detailed comparison does not allow a one to one match between the features in the two sets of spectra. We suggest that all these weak humps in plot ͑i͒ arise due to absorption by the higher lying excited states of the QDs while the background has contributions from recombination of carriers that were originally generated in the Ga 0.57 In 0.43 P layers and the SPS phase adjacent to the dots and then transfered to the QDs. We have made an attempt to bring out these weak resonant humps more clearly by subtracting from plot ͑i͒ a smooth background obtained by fitting to it the function f (E)ϭa(1 Ϫ1/͕exp͓(EϪb)/c͔ϩ1͖), where E is the energy and a,b,c are the fitting parameters. The fitted smooth background is shown by the dotted lines in Fig. 6͑a͒ ͑vertically shifted for clarity͒ and the subtracted spectrum is shown in Fig. 6͑b͒ where four peaks are clearly seen. It is well established that intradot exciton relaxation from higher excited states of a QD to the QD ground state is mediated by multiple phonon emission. 24, 25 As a result peaked structures are seen in the PLE spectrum of QDs whenever the excited and the ground state are separated by multiples of the longitudinal optical ͑LO͒ phonon energy (h LO ) 26 and therefore separation between these peaks are also multiples of h LO . For an In rich Ga x In 1Ϫx P alloy h LO Ӎ 43 meV and as seen in Fig. 6͑b͒ the first three structures do have an average spacing of 2h LO .
In order to make a preliminary estimate of the absorption spectrum of the QDs we performed a simple envelope function calculation where the QD was modeled by a spherically symmetric potential well of diameter 210 Å with infinite barriers. Only heavy hole absorption was considered ͑light hole absorption is smaller by more than a factor of 3͒ and carrier effective masses were obtained by appropriate linear interpolation between listed values 27 for InP and GaP. The other assumptions involve neglecting Coulomb effects and heavy hole-light hole mixing. 28 The former is strictly valid if the free exciton Bohr radius is much larger than the QD radius ͑in our case they are comparable͒ and the latter begins to influence the spectrum drastically 29 for heavy hole-light hole coupling constant Ӎ0.7 ͑in our case it is Ӎ 0.5͒. In order to match the PL peak at 1.81 eV we had to consider a band gap of Ӎ 1.763 eV for the In rich regions of the SILCM modified phase. The Ga concentration required to get this value for the band gap of a relaxed random Ga x In 1Ϫx P alloy is xϭ0.35. This value of x ͑which might change somewhat when the appropriate strain tensor, as required in the present case, is taken into account͒ is close to the expected Ӎ 0.4/0.6 Ga composition contrast between the Ga deficient and Ga rich regions in the SILCM modified phase. 8, 30 The sharp vertical lines in Fig. 6͑c͒ show the absorption spectrum for a 210 Å dot using the above model. FIG. 6 . ͑a͒ The photoluminescence excitation spectra of the sample at different detection energies ͑i͒E d ϭ1.81 eV, at A, ͑ii͒E d ϭ1.9 eV at B and ͑iii͒ E d ϭ2.04 eV at A. The dotted line is a smooth fitted background to the spectrum in plot ͑i͒ vertically shifted up for clarity. ͑b͒ The spectrum in plot ͑i͒ after background subtraction. ͑c͒ Simulated PLE spectra for the quantum dots including effects due to dot size, composition distribution and instrumental broadening. The vertical lines represent the ideal absorption spectra of a 210 Å diam dot.
The continuous curve represents a simulated PLE spectrum ͑of only the dots͒ taking into account broadening due to dot size distribution, composition distribution (⌬xӍϮ0.05 about mean Ga concentration x assumed͒, finite spectral width of the excitation source and the spectral band pass of the detection system. Multiple phonon emission related PLE signal enhancement was not considered in the above simulation. The above calculation makes many simplifying assumptions and so it is not surprising that the features in the simulated PLE spectra do not exactly match the features in Fig. 6͑b͒ . Nevertheless the simulated spectrum brings out the following two points in support of our suggestion: ͑i͒ the average spacings of some of the prominent calculated QD transitions are close to 2h LO and approximately match those of the features seen in Fig. 6͑b͒ , ͑ii͒ it shows that in spite of the large QD size and composition variation it is still possible to see resonant peaks in the PLE spectrum associated with QD transitions. The latter is because unlike CER or absorption measurements which are broadened by the total QD size and compositon distribution to the extent that no QD related features can be resolved, in PLE one is able to selectively probe a narrow range within this distribution. This selectivity of PLE ͑and also resonantly excited PL͒ has in fact previously been exploited in the study of selforganized InGaAs/GaAs QDs.
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IV. CONCLUSION
In summary, we have reported results of the detailed spectroscopic study of Ga-In-P based self-organized QD like structures formed during the growth of ͑GaP͒ 2 ͑InP͒ 2.5 SPS short period superlattices sandwiched between Ga x In 1Ϫx P alloy layers on GaAs ͑311͒A substrates. We have identified the origins of the various features in different spectra. Our results indicate the simultaneous presence of two major optically active phases in these samples. One is the original ͑GaP͒ 2 ͑InP͒ 2.5 SPS layer while the other is the SILCM modified regions in some parts of the ͑GaP͒ 2 ͑InP͒ 2.5 layer. This suggests that the SILCM modification of the SPS layers is incomplete. The SILCM modified In rich regions were shown to have a QD-like nature. The anomalous temperature dependence of the PL peak positions in such samples arises due to competition between two luminescence pathways: one associated with the QDs and the other with the original SPS layer phase. The photoluminescence quenching pathway for the QDs has also been determined.
